Abstract-Navigation signal simulator can generate signals consistent with real GNSS (Global Navigation Satellite System) signals, which can be processed by GNSS receivers in the same manner as it processes satellite signals in a real testing environment. The simulator can offer a high-fidelity means of testing GNSS receivers and other related systems. Such tests can be carried out in laboratories due to control of the GNSS constellation and global atmospheric environment by a single device. The navigation signal simulator, which can provide a real-like environment for the research and testing of navigation receivers, has been the key instrument for developing navigation systems and receiving devices, particularly for high-dynamic receivers. Therefore it has increasingly received widespread attentions in military and industrial sectors. With the development of a variety of new navigation systems and signal standards, there is a higher demand for the compatibility and renewal speed of the navigation signal simulators; specifically, it should be multi-mode and reconfigurable in order to realize the flexible design of navigation systems. Although a lot of GNSS simulators have been developed and used, the reconfigurable technologies have not yet appeared in the literature and applied to practices. This means that the existing simulators cannot achieve simulation of multiple GNSS signals by reconfiguration of the software and hardware on the same platform. In this paper, a new reconfigurable platform for navigation signal simulation is proposed and studied, aiming to simulate multi-mode and multi-frequency navigation signals. The performance of the proposed platform is validated from three perspectives: mathematic simulation software, output signals and receiver operation. The result shows that the platform can generate multi-mode and multi-frequency navigation signals through reconfiguration of the software and hardware on the same platform, hence supporting design of a number of navigation systems including Beidou, Global Positioning System (GPS), Russian Global Navigation Satellite System (GLONASS) and European Galileo system. The GNS8000 series navigation satellite signal simulator, designed based on such platform, have been successfully applied to the Beidou navigation satellite systems and widely used in the related fields of research and industries.
I. INTRODUCTION
With the modernization of GPS [1] , the revitalization of GLONASS [2] as well as the construction of GALILEO [3] and Beidou [4] , users can utilize multiple GNSS to improve the accuracy and other specifications of navigation systems. Thus the design towards multimode compatibility has become integral part of future GNSS development. Although the GNSS signal simulation technologies have been widely researched and some GNSS simulators have been developed and used in order to test multi-mode receivers [5] [6] [7] [8] [9] [10] , the reconfigurable technologies have not yet appeared in the literature and applied to practices. This means that the existing simulators cannot achieve simulation of multiple GNSS signals including future signals when necessary by simple reconfiguration of the software and hardware on the same platform. Simulation ability of multiple GNSS signals is an important factor which needs to be taken into account in the research and development of multiple constellations navigation systems. There are no reconfigurable GNSS simulators available, which are able to respond to the needs of end users. The authors are therefore motivated to develop a new reconfigurable platform for multiple GNSS signal generation.
The reminder of the paper will present the reconfigurable platform of GNSS simulator. The architecture and key technologies of reconfigurable platform are described. Furthermore, the application of this platform is introduced and the effectiveness of the proposed platform is verified by simulating and experimental results.
II. MATHEMATICAL MODEL FOR GNSS SIGNAL
In this section, the mathematical models used to generate GNSS signals are introduced [11] . GNSS simulators actually simulate the signals which are captured by the front-end of receiver, including real satellite signals and various errors in the propagation process.
For a navigation system [1] [2] [3] [4] , the signal is usually a sum of the channels I and Q which are in phase quadrature of each other. The signal is made up of a carrier frequency, a ranging code and a navigation message, where the ranging code and navigation message are modulated on carrier. GNSS signals of the jth satellite at time t can be can be expressed as below ( )
where superscript I , Q represent the satellite channel I, Q; A is the satellite signal amplitude; C is the satellite ranging code; D is the data modulated on ranging code; 0 f is the carrier frequency; ϕ is the carrier initial phase.
With the presence of the satellite clock error [11] , the transmitted signal can be expressed as: 
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where SV t δ is the satellite clock error. Another factor needing to be considered is that the signal transmitted by a satellite travels through the atmosphere [11, 13~15] before reaching the receiver antenna. The value of the propagation delay is thus a major factor that should be included in the signal model. The ionosphere [13] , a part of the upper atmosphere, and the troposphere [14, 15] , the lowest portion of Earth's atmosphere, will affect the GNSS signal and cause errors on both code phase and carrier phase. The GNSS signal transmitted by satellite can be further represented by the following equations with a propagation delay, ionosphere and troposphere errors being taken into account.
Suppose If noise, interference and multipath are added prior to the signal's arrival at the antenna, the signal of the jth satellite at time t is therefore becomes ( ) (
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where M is the number of multipath of the jth satellite; α is the signal power attenuation factor and mp t δ represents the multipath signal delay. If N satellites are in view, the received GNSS signal at the antenna can be expressed as (where N is the number of satellites in view):
S t S t MP noise inteference
III. ARCHITECTURE OF NAVIGATION SIGNAL SIMULATOR
The Navigation signal simulator works in two ways. On the one hand, both the data and signals can be generated by software simulation [9] . These data are not real time test data due to the calculation and speed limit, and are rarely used in long time tests because the storage space is also limited. On the other hand, the data can be generated by software simulation and real-time signals are subsequently produced by hardware [11] . Due to its capability of generating real-time data, this method is often used in long time tests application. However, the hardware and software cross-platform can lead to a more complex architecture, and the consistency of signal delay between channels need to be ensured, which are usually difficult to achieve. In order to meet the requirements of the performance testing environment, a method combining hardwaregenerated signals with software-generated signals is used in order to adjust the signal parameters. As shown in Figure 1 , the subsystem of mathematical simulation is responsible for the numerical simulation of the navigation system, which includes modeling of satellite orbits, space environment, user trajectory and multipath effects, as well as calculating of pseudorange (the pseudo distance between a satellite and a navigation satellite receiver) IV. DESIGN OF RECONFIGURABLE PLATFORM , pseudorange rate, and the satellite navigation message. In the meantime, the subsystem of the navigation signal simulation is responsible for transforming the results of mathematical simulation into real signals. If necessary, this subsystem can also simulate interference signals superimposed on the output signal, in order to test the anti-jamming performance of the receiver.
A. Architecture
The design of a reconfigurable platform, which enables the navigation signal system to reconstruct and simulate signals under the given conditions, mainly consists of software reconfiguration and programmable based hardware reconfiguration. In the architecture, the software constrains hardware implementation and the hardware takes software as the basis. In addition, the multi-mode system can provide adequate resources for system expansion and resource reorganization when required.
To be flexible, reconstructable and reconfigurable, the signal simulator should have open system architecture, thus being able to adapt to the new signal structures. The use of a standard open architecture based on reconfigurable navigation signal simulation units (DNSU) makes it possible that each new task no longer requires a complete hardware and software design, thus improving the system's versatility and reusability. The DNSU, due to its flexibility and adaptively in the system design, can meet all kinds of future needs of multi-mode and multifrequency signals. Figure 2 shows the architecture of the reconfigurable platform, which includes a reconfigurable hardware platform and a reconfigurable software platform. The reconfigurable hardware platform is composed of signal simulation components, digital baseband synthesis modules, up-converters and attenuators, time and frequency synthesis and interfaces circuitry. The signal simulation component is basically a signal simulation card, composing of several DNSUs and up-converters. The synthesis module is a logic part made of typical digital signal generators and has a configurable and adjustable RF front-end to meet the demands of different space tasks. The software platform is composed of several multiple mathematic simulation modules corresponding to the hardware DNSU modules, and is responsible for simulation, monitoring and control of the simulator.
Each mathematic module includes constellation simulation, satellite data calculation and navigation message modules, and all these modules are reconfigurable.
It is worth emphasizing that the DNSU is fundamentally a module that supports the software-based operating environment in the reconfigurable simulator platform, including test interface circuitry, user data interface, memory, and functions for waveform generation, operation environment, hardware abstraction layer, digital signal processing, and system control. This module processes high-speed data and signals and it may provide external interfaces for such as data cache and storage, data formatting, clock distribution, high-speed FPGA waveform generation, attenuation controller and IF(Intermediate Frequency)attenuator. The DNSU is essentially a hardware module for generation of the digital baseband IF signals, which is reconstructable as it is implemented based on FPGA The module receives the DDS (Data Distribution Service) data from the mathematic simulation modules and generates a Zero-IF navigation signal with I and Q components. In order to support mixture of constellation simulation and to be able to simulate a multi-mode navigation signal, such as these various frequency signals for GPS, GLONASS, Galileo and Beidou, the softwaredefined radio technology is used in the DNSU, thus facilitating flexible system configuration and reconfiguration. As shown in Figure 3 , the global process model is the module which supports the software-based operating environment in the system. The module includes testing interface, user data interface, memory, the general processor, functions for waveform generation, operation environment, hardware abstraction, low-speed signal processing, signal configuration, and system control. The signal process part, as shown in the bottom, involves processing of high-speed data and signals, and it may also provide external interfaces for data buffer, data formatting, high-speed FPGA waveform generation, digital-to-analog converter, attenuation controller, IF attenuator, and testing and status displays. The baseband digital synthesis technology is used to achieve the synthesis of multi-satellite signals, with each digital synthesis signal unit being shaped by multichannel baseband synthesis, digital signal synthesis, as well as zero-IF quadrature modulation in the DNSU. In order to achieve these, a high-speed parallel FPGA architecture is used in this study so that all channels of a user are calculated and synthesized digitally on a high performance software processing platform. Specifically, FPGA in combination of DDS can reconstruct and synthesizes baseband signals. This feature can also support multi-frequency reuse, which means by configuring frequency parameters in the same hardware modules, different frequency signals can be produced directly.
C. Implementation of Navigation Signal Simulator
The multimode navigation signal simulator was purposely designed on a hierarchical and modular basis based on the reconfigurable platform proposed above. It is composed of a VXI (VMEbus eXtention for Instrumentation) backplane, the zero slot control card, the time-frequency cards, the signal synthesis and power control cards, and the navigation signal simulation cards. These cards are housed in a standard case. The navigation signal simulation component is actually a standard C-size VXI card and is composed of an interface bridge unit, multiple DNSUs and up-converter unit, of which DNSU is the core of the simulator. The hierarchical relationship between hardware components of the navigation signal simulator is shown in Figure 4 . With this design, it is plausible to assume that the simulator platform has reconfigurable features. The platform is made up of a 13-slot VXI plug-ins and a total of 8 configurable navigation signal components. Figure 5 shows photograph of the simulator and the arrangement of cards in the simulator. Figure 5 . Photograph of the GNS8000 series simulator and the arrangement of cards in the simulator Based on such platform, the authors have designed the GNS8000 series satellite navigation signal simulators, which have been successfully applied to the signal system design, the validation of compatibility and interoperability, and the international frequency coordination of the Beidou satellite navigation system. The simulators have been widely used in scientific research institutes and industrial sectors, and also ideally suited to production-line testing in this area V. VALIDATION OF THE RECONFIGURABLE PLATFORM .
In order to validate the proposed reconfigurable platform, experiments have been carried out. The mathematic simulation subsystem and signal simulation subsystem are also validated. The GNS8000 simulator is reconfigured as the navigation satellites including Beidou B1, GPS L1, GLONASS L1 and Galileo E1, and the signals are synthesized and then outputted as radio frequency (RF) signals.
A. Validation of Mathematic Simulation
In the GNS8000 simulator, the calculation of a satellite's orbit, space environment delay, pseudorange, pseudorange rate, and the satellite navigation message are performed by the Matrix-Gen software, the mathematic simulation software specially developed for GNS8000 simulators. For GNS8000 simulators, the satellite's orbit and space environment delay are key parameters needing to take into account. It is worth mentioning that the Matrix-Gen software has also been validated as the results of the validation of the satellite's orbit, ionosphere and troposphere models.
In this paper, two methods have been used to validate the IGSO (Inclined Geo Synchronous Orbit) and MEO (Medium Earth Orbit) satellites' orbit using the simulator software. The first one is to compare the results to those produced by STK (Systems Tool Kit) software under the ECF (Earth-Centered Fixed) and ECI (Earth-Centered Inertial) coordinate systems. STK is a physicsbased computer software package that allows performing complex analysis of ground, sea, air, and space assets, and share results in one integrated solution. The second one is to compare the results to those calculated based on ephemeris [12] under the ECF coordinates. The results are shown in Figure 6 In Figure 6 (a) and (b), one-day orbit data (1440 points, 1 point per minute) are validated by comparing orbit data calculated by the Matrix-Gen software with orbit data by the STK 9.0 software. In addition, 60-day orbit data, i.e., 86400 points in total, are validated with the results generated by the Matrix-Gen software in terms of ephemeris fitting errors. Ephemeris errors are supposed to be a major factor limiting the usefulness of satellites in high precision geodesy [16] . The Matrix-Gen software includes these orbit error models. As can be seen from the results, simulation errors are all within 0.1 meter. Therefore the accuracy of orbit simulation of the MatrixGen software is convincingly high. In our experiments, the Klobuchar ionosphere models [13] of eight parameters and fourteen parameters [12] , , and the troposphere models [10] like MOPS [11] , Hopfield and Saastamoinen approaches are simulated and validated. The results are shown in Figure 7 . More details of these models can be found from the relevant literatures.
In Figure 7 (a) and (b), the Klobuchar ionosphere model of eight parameters and fourteen parameters are all simulated and validated. 
C. Validation of Receiver
The simulator has been connected to various receivers, and has already been successfully tested on the following receivers: TD3017A (BD2-B1 and GPS-L1), Novatel OEM628 (GPS, GLONASS and Galileo), UBlox Antaris 4 and Ublox 5H, SIRFIII-based low-cost receivers, and software receivers. The tests were specially arranged for these receivers with multi-constellation and multifrequency, and are made easier by the use of new available products on the market. As an example, Figure  9 shows the positioning performances obtained using static and dynamic scenarios. This paper has presented the architecture of a reconfigurable platform for navigation signal simulation and its capability of reconfiguring its major functional modules to be more robust. The system has been designed to realize a flexible system configuration and efficiently support mixture of constellation models. The results have demonstrated that the design can offer a high-fidelity means for testing and validating various modes of navigation signals in the research and development of navigation signal systems and receivers. Three methods have been used to validate the simulator and the results show that the simulator can generate multi-mode and multi-frequency navigation signals through reconfiguration of the software and hardware on the same platform. Consequentially, the platform can support simulation of GNSS signals of Beidou, GPS, GLONASS and Galileo, and can achieve signal design for future generation of the GNSS systems. His current research fields of interest include digital signal processing, intelligent condition monitoring and fault diagnosis of distributed generation systems with wind turbines with emphasis on analytical and experimental investigation, modelling and simulation of distributed energy generation network, advanced signal processing, data mining and instrumentation, and electromagnetic NDT testing and imaging. He has published over 70 papers on refereed international journals, patents and conference proceedings.
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